Bundle sheath extensions (BSEs) are key features of leaf structure whose distribution differs among species and ecosystems. The genetic control of BSE development is unknown, so BSE physiological function has not yet been studied through mutant analysis.
Introduction
Bundle sheath extensions (BSEs) consist of a column of parenchyma and sclerenchyma cells that join veins with the epidermis in leaves of many species. The cells comprising the BSE are arranged compactly with no intercellular spaces and lack photosynthetic pigments. This results in transparent areas in the leaf blade that appear as a network of clear veins on a dark green background. The extensions can link with either adaxial or abaxial epidermis, or both. In the latter case, the BSE together with their associated veins form partitions across the leaf blade. This creates a series of compartments within a leaf which obstruct the lateral diffusion of gases in the mesophyll (Neger, 1918; Pieruschka et al., 2010) . Because the internal partial pressure of CO 2 (p i ) can vary between compartments, these leaves are referred to as heterobaric (Terashima, 1992) . In plant species lacking BSEs, gases can diffuse laterally through the intercellular spaces of the mesophyll. Accordingly, p i is expected to be homogenous in these species, and their leaves are therefore called homobaric.
BSEs were recognised by German anatomists in the late 19th century (Haberlandt, 1882; Westermaier, 1884; Solereder et al., 1899) . However, over 50 yr passed before Wylie (1952) published the first survey of BSE occurrence and studied translocation between BSEs and other leaf tissues. Although BSE presence is not associated with any specific taxonomic category, the structure is found more frequently in leaves of trees and shrubs than herbaceous plants (Wylie, 1952; McClendon, 1992) . Furthermore, canopy tree species in a tropical forest growing under high irradiance and high vapour pressure deficit tend to have heterobaric leaves, whereas most of the understorey and subcanopy species bear homobaric leaves (Kenzo et al., 2007) . Development of BSEs is highly plastic with respect to irradiance and precipitation (Lynch et al., 2012) . BSEs also occur more frequently in phyllodes of Acacia species that originate from areas of low than high precipitation (Sommerville et al., 2012) . These patterns in the differential occurrence of species with BSEs along gradients in irradiance and aridity imply roles of the BSE in leaf water relations.
BSEs have been suggested to provide a variety of functions. These include mechanical support (Lawson & Morison, 2006; Read & Stokes, 2006) , barriers to the spread of ice (Hacker & Neuner, 2007) , enhanced transmission of intercepted light to sites of photosynthesis in thick leaves (Karabourniotis et al., 2000; Nikolopoulos et al., 2002) , and potential roles in leaf hydraulics and stomatal function (Sack & Holbrook, 2006; Scoffoni et al., 2008; Brodribb et al., 2010) . Leaf hydraulic conductance (K leaf ) is affected by resistances to water transport through and outside the xylem . Extravascular resistance can be substantial, contributing, for example, as much as 74% of total leaf resistance to water transport in rainforest species (Sack et al., 2004) . Similarly, Nardini et al. (2005) found that extravascular pathways in Helianthus annuus accounted for most of the diurnal variation in leaf resistance to water transport. Such variation in hydraulic resistance was correlated with changes in aquaporin expression and function (Cochard et al., 2004; Nardini et al., 2005) . A strong correlation between phyllode hydraulic conductance and BSE length in Acacia phyllodes of varying thickness, suggested that BSEs may offer a relatively low-resistance pathway for water dispersion from veins to client cells (Sommerville et al., 2012) . Indeed, lower extravascular resistance to water transport has been reported in leaves of species with than without BSEs (Buckley et al., 2011) .
Fluorescent tracer dye experiments showed that water can diffuse from vein xylem to epidermal cells along apoplastic pathways in the BSEs (Canny, 1990a,b) . However, both apoplastic and symplastic pathways are likely to function in water transport via BSEs. Zwieniecki et al. (2007) suggested that such hydraulic linkage could have major physiological consequences for stomatal function if, for example, better coupling of water potentials between the epidermis and xylem enabled safe stomatal function close to cavitation thresholds. An elegant analysis across 20 different species showed that stomatal responses to humidity were greater and more rapid in heterobaric than homobaric leaves, providing experimental support for the hypothesised hydraulic roles of BSEs in the integration of water relations of leaves (Buckley et al., 2011) . Finally, as carbon cannot be gained without the expenditure of water, increases in the hydraulic conductance of leaves would be expected to also increase stomatal conductance and associated photosynthetic assimilation rates .
Studies of BSE function have been based on the comparative physiology of different species. This approach has produced powerful inferences, but results can also be complicated by interference from unrelated anatomical and physiological variables (Karabourniotis et al., 2000; Liakoura et al., 2009) . The study of BSE function through mutant analysis within a single species would considerably reduce the physiological variation caused by other unrelated traits. Tomato cv Micro-Tom (MT, Meissner et al., 1997 ) represents a suitable model system, as it is amenable to mutagenesis and introgression (Carvalho et al., 2011; Saito et al., 2011) and an ever-growing amount of genetic and genomic resources is publicly available (Aoki et al., 2010; Okabe et al., 2011) . We screened a mutagenized population of MT and found a mutant lacking BSEs. Anatomical observations suggested a strong resemblance to the obscuravenosa (obv) mutation (Rick et al., 1996; Barrios-Masias et al., 2014) . We thus introgressed the obv mutation from tomato cv M82 into cv MT, and showed that its characteristic 'dark-veins' phenotype is caused by the absence of BSEs in the leaves. We compared physiological attributes of wild-type and mutant leaves to test two predictions.
First, if BSEs facilitate extravascular dispersion of water within leaves, then we predicted that K leaf (mmol H 2 O m À2 s À1 MPa À1 ) would be greater in wild-type leaves with BSEs than in mutant leaves lacking BSEs. Second, if K leaf is a major determinant of gas exchange characteristics, then we predicted that maximum stomatal conductance and photosynthetic assimilation rates would also be greater in the wild-type leaves.
Materials and Methods

Plant materials and breeding
Seeds of the tomato (Solanum lycopersicum L.) cv Micro-Tom (MT) were kindly donated by Dr Avram Levy (Weizmann Institute of Science, Israel) and Dr Roger Chetelat (Tomato Genetics Resource Center, Davis, University of California, CA, USA). MT seeds were soaked in distilled water for 8 h at room temperature and then incubated for 12 h under gentle stirring in 200 ml of a freshly prepared solution of ethyl methanesulfonate (EMS; Sigma-Aldrich). EMS is a mutagenic organic compound that induces point mutations by base substitution during DNA replication Pino-Nunes et al., 2009) . The EMS solution was removed and seeds were washed in running water for 10 min. Four different doses of EMS were applied on 500 seeds each: 0.5%, 0.7%, 0.9% and 1% (w/v) (2000 seeds were used for the 0.7% treatment). After preliminary germination tests between the different batches, M 1 seeds from the 0.7% treatment were grown as described previously (Lima et al., 2004) . At the end of the growth cycle, fruits were harvested and M 2 seeds collected in bulk (six-plant batches). Seeds were treated with bread yeast (Saccharomyces cerevisiae, Fermix, Brazil) overnight, then washed and dried at room temperature for 12-24 h. Seeds were sown in a patch of open field in Paul ınia, SP, Brazil, in April 2008. BSEs have previously been shown to render leaf veins translucent, whereas absence of BSEs produces uniformly green leaves (Liakoura et al., 2009) . The tomato cv MT has BSEs and translucent veins. Thus, screening was performed visually on adult plants by detaching leaves and looking for absence of translucent veins against the sunlight. MT was used as a control. A dark-veined individual was found and isolated to avoid crosspollination, allowed to self and its seeds harvested (M 3 ). Physiological analyses were carried out after two rounds of back-cross to the wild-type MT to remove potential background mutations generated by the EMS treatment. This mutant is hereafter called obv-2 to distinguish it from the obv mutation introduced from cv M82 (see the next paragraph).
The obscuravenosa (obv) mutation from the tomato cv M82 was introgressed into MT following the scheme illustrated in Supporting Information Fig. S1 . Briefly, plants were grown in a glasshouse (350-ml pots filled with 1 : 1 mixture of seed raising mix (Plantmax HT, Eucatex, Brazil) and vermiculite supplemented with 1 g l À1 10 : 10 : 10 nitrogen : phosphorus : potassium (N : P : K) and 4 g l À1 lime; sunlight 250-350 lmol photons m À2 s À1 PAR; 11.5 h photoperiod; 30°C : 26°C, day : night temperature and 60-75% ambient relative humidity). MT and M82 were crossed using the former as the female parent.
The F 1 plants were backcrossed using MT as a recurrent female parent and the resulting BC 1 seedlings were screened for the characteristic dwarfism of MT (Marti et al., 2006) . Selected plants were self-fertilized, producing BC 1 F 2 seeds. The procedure of crossing and screening was carried through to BC 5 . BC 5 F 4 homozygous plants were used in all physiological experiments.
Growth and gravimetric determination of long-term wateruse efficiency (WUE)
Seeds of MT, obv and obv-2 were germinated in a tray with a 1 : 1 mixture of seed raising mix (Plantmax HT) and expanded vermiculite and then transplanted (20 replicates per genotype) to pots with a wick system connecting a 350-ml recipient with soil mix (a 1 : 1 mixture of seed raising mix and expanded vermiculite, supplemented with 1 g l À1 10 : 10 : 10 NPK and 4 g l À1 lime) to a 1.5 l water reservoir below, all tightly sealed with aluminium foil to prevent evaporation. Control pots were prepared with no seedlings. Plants were grown in a glasshouse with a mean temperature of 28°C, 12 h photoperiod, and 250-350 lmol photons m À2 sec À1 PAR irradiance. Pots were weighed daily over a 3-wk period and water transpired was calculated as the weight difference in pots with plants minus weight difference in control pots. Plants were harvested and oven-dried for 48 h at 80°C. Dry weight was recorded, and WUE calculated for each plant as the ratio between whole-plant dry mass and transpired water.
Measurements of leaf gas exchange characteristics and hydraulic conductance
Wild-type MT and obv mutant plants (with and without BSEs, respectively) were grown under glasshouse conditions as described above. The plants were arranged in six blocks with pairs of wild-type and mutant plants randomly assigned to positions within each block.
Leaf CO 2 and water vapour fluxes were measured with a LI-6400 portable photosynthesis system (Li-Cor, Lincoln, NE, USA). All measurements were made on terminal leaflets of intact, attached leaves in the glasshouse. All leaves were fully expanded, similar in age and grew under similar environmental conditions. Gas exchange characteristics were measured under common conditions: photon flux density (1500 lmol m À2 s À1 , from an LED source), leaf temperature (25 AE 0.5°C), leaf-to-air vapour pressure difference 17.5 AE 2.5 mbar) and air flow rate into the chamber (500 lmol s À1 ), and ambient CO 2 concentration was set at 400 ppm (CO 2 injected from a cartridge). Leaflets were allowed to equilibrate before measurements were made of steadystate gas exchange characteristics. Two LiCOR systems were used to enable simultaneous gas exchange measurements on leaflets of paired plants, one each of a wild-type and a mutant lacking BSEs within each block.
K leaf was estimated using evaporation rates measured with the Li-Cor 6400 and the difference in water potential between the transpiring leaflet (W L ) and the opposite nontranspiring leaflet (W x ) on the same leaf. The nontranspiring leaflet was covered with plastic wrap and aluminium foil on the night before measurements. Once gas exchange measurements were completed, both leaflets were harvested, covered with plastic wrap, and leaflet water potentials were measured with a Scholander pressure chamber (Soil Moisture Equipment Corp 3005; Santa Barbara Corp, Santa Barbara, CA, USA). K Leaf was then calculated according to Ohm's Law as:
pressure gradient between the leaflet and leaf rachis in MPa (W x measured in the opposite, nontranspiring leaflet); E, evaporation rate (mmol m À2 s À1 ) determined during gas exchange measurements on the same leaflets.)
Leaf anatomy and histology
Mature, fully expanded and well-exposed leaflets (typically from leaves 4-6 counted from the base of the primary stem) were sampled and cleared in 100% methanol at ambient temperature for 48 h. When leaflets had lost all chlorophyll, they were incubated in 95% lactic acid on a hot plate at c. 100°C for c. 30 min. Cleared leaflets were mounted on glass slides and examined by light microscopy (Zeiss Axiophot, with a mounted Olympus DP72 digital camera; Olympus, Tokyo, Japan). Stomata were counted in six different fields of view per leaflet at 940 magnification, on each side of the leaflet.
For analyses of vein anatomy, 5 9 3 mm areas were cut out from the centre of a fully expanded, well-exposed leaflet, including the primary vein and the first secondary vein. Samples were fixed in a 2.5% glutaraldehyde and 4% formaldehyde solution in 0.1 M PBS for 2 h (Karnovsky, 1965) . Samples were then washed in distilled water and dehydrated in an ethanol series (50%, 60%, 70%, 80%, 90% and 100% (v/v)). Samples were infiltrated in a series of 2 : 1, 1 : 1 and 1 : 2 100% Acetone: Epon Araldite (30 min per change) and finally three changes of 2 h each in pure Epon Araldite. Embedding was done in fresh resin and cured overnight at 60°C. Five-micrometer-thick cross-sections were mounted in water on glass slides and stained with 0.05% (v/v) toluidine blue in phosphate buffer and citric acid (Sakai, 1973) . Histological sections were observed using an optic microscope (Nikon Optiphot; Tokyo, Japan) fitted with an image capture system (SPOT Insight 12 bit camera) and images were analysed for leaf thickness and palisade and spongy mesophyll cell sizes and numbers using ImageJ 1.42q (NIH, Bethesda, MD, USA). This was done on leaflets of four different plants per genotype.
Vein density and the composition of xylem vessels in leaflet midveins were measured on the same leaflets that were used for gas exchange and K leaf determinations. Vein density was measured according to Scoffoni et al. (2013) . A leaflet blade was placed in maceration solution (5 : 1 30% H 2 O 2 to glacial acetic acid) until the epidermis separated from the internal tissues. The epidermal layers were removed and the remaining internal tissue was transferred to lactic acid solution until cleared. Veins were stained with saffranin-O (1% w/v in 50% ethanol aqueous solution). Images were collected with a digital camera (SPOT Flex 64MP Color FireWire 15.2; Diagnostic Instruments Inc, Sterling Heights, MI, USA) coupled with an Axioskop light microscopes (Carl Zeiss, Oberkochen, Germany) and analysed to determine the total vein length per area using ImageJ (National Institute of Health).
Xylem composition was assessed in a transverse section (20-lm thick) cut from the midvein, c. 1 cm from the petiole. This location was sampled because most water entering the leaflet would have to pass through this part of the midvein xylem. The section was stained with 0.05% toluidine blue, and viewed with a light microscope fitted with a digital camera to collect images, as described above. The total number of vessels in each midvein section was recorded and ImageJ was used to estimate the diameter of each vessel from its lumen area, assuming a circular shape.
Results
A dark-veined mutant was found among a mutagenized population of c. 2000 M 2 tomato cv Micro-Tom (MT) plants (Fig. 1a,  b) . Mature leaves of the mutant were analysed histologically and the dark-vein phenotype found to be due to the absence of BSEs. Penetrance of the phenotype, however, was incomplete, and thus some variation was observed in BSE formation (Fig. 1c) .
The dark veins phenotype of the induced mutant remitted us to the previously described obv mutation harboured by the commercial tomato cv M82 (Jones et al., 2007) . We introgressed this mutation into the MT genetic background to create near-isogenic lines displaying or lacking BSEs (Fig. S1) . The F 1 of the cross between cv MT (clear-veined) and M82 (dark-veined) consisted of 100% clear-veined plants, confirming the recessive nature of the obv mutation, present in M82. MT harbours three major dominant loci responsible for its reduced size and rapid life cycle (Bishop et al., 1999; Marti et al., 2006) . Thus, the first backcross of MT to M82 produced large variation in plant stature and flowering time. After five rounds of backcrossing (BC 5 ) the plants appeared all uniformly dwarf and could be theoretically considered 98.44% homozygous to the recurrent parent, MT (Stam & Zeven, 1981) . All plants derived from the introgression showed dark-veined leaves and were otherwise phenotypically normal, with a similar phenology to MT (Fig. 2a-c) . Histological analyses of BC 5 F 4 leaf cross-sections confirmed that the dark vein phenotype was caused by the absence of cells forming BSEs (Fig. 2d,e) . Thus, unlike the clear-veined leaves of cv MT, the leaves of a near-isogenic MT line carrying the obv mutation lack the column of large, round cells with relatively thickened cell walls, that connect the vascular bundle to the epidermis, forming BSEs. Instead, a continuity is observed of palisade parenchyma cells containing chlorophyll on top of the vascular bundle, which produces the characteristic dark veins phenotype from which the mutant obscuravenosa derives its name (Fig. 2e) . Allelism tests showed that the EMS-generated mutation is also recessive but not allelic to obv (Table S1 ). For clarity, we named this new mutation obv-2 to distinguish it from obv, the obscuravenosa mutation sourced from the M82 dark-veined cultivar. Next, we tested whether the different leaf structures in MT, obv and obv-2 genotypes would affect growth and long-term WUE, that is, the amount of dry mass gained over a period of time per unit of water transpired. Canopy (total leaf) area and, thus, transpiring area, was similar for all three genotypes, but plant DW was lower in the obv-2 mutants (Table 1) . This lower growth, however, was accompanied by a proportional reduction in the amount of transpired water, so that WUE remained similar between genotypes (Table 1) .
Based on these results, another set of MT and obv plants were grown under glasshouse conditions to test the effects of BSEs on 
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New Phytologist leaf function. Measurements were restricted to these genotypes for two reasons. First, the obv mutant consistently produced leaves with a dark-veined phenotype lacking fully developed BSEs. Second, the similarity in plant growth and structure of MT and obv plants would reduce potential differences in sink strength that could affect gas exchange characteristics independently of the presence or absence of BSE structures.
Leaflet anatomy was analysed macro-and microscopically to determine whether the obv mutation had other effects on leaflet structure besides the absence of BSEs. Stomatal density was determined on both sides of obv leaflets and no significant difference (abaxial, P = 0.27; adaxial, P = 0.12) was found between leaflets of MT and obv genotypes (Fig. 3a) . Vein density was also quantified and found to be similar (P = 0.29) between leaves of MT and obv leaves (Fig. 3a, inset) . Vein composition was assessed by measuring the number and diameter of xylem vessels in a transverse section of the midvein, 1 cm from the petiole. There were no significant differences (P = 0.077) in numbers of xylem vessels in midveins of MT and obv leaves, which averaged (AE SD) 92 AE 21 and 77 AE 13, respectively. The average diameters of these xylem vessels were also similar (P = 0.932), averaging 12.4 AE 0.8 lm in MT and 12.5 AE 0.4 lm in obv leaves. The area of individual leaves was also similar between genotypes (data not shown). However, specific leaf area (SLA) -that is, leaflet surface area per unit dry mass -was significantly greater in fully expanded leaves of obv (except the first one), than in those of MT, although the difference tended to decrease in younger leaves (Fig. 3b) .
K leaf was significantly (P = 0.032) greater in MT than obv plants (Fig. 4a, inset) when averaged over all measurements. This overall average, however, obscures a more complex temporal pattern. Values of K leaf were highest in early morning and declined with increase in the rachis-to-leaflet water potential gradient from early morning to midday on a warm, sunny day (Fig. 4b) . From 08:00 to 10:00 h, K leaf was significantly (P = 0.015) greater in leaves of MT than mutant obv plants, which averaged (AE SD), respectively, 25.6 AE 3.0 and 14.0 AE 3.1 mmol m À2 s À1 MPa À1 . During midday (11:00-13:00 h) measurements, the overall values of K leaf were significantly (P = 0.015) lower than those measured during early morning. Average (AE SD) values of K leaf remained higher in MT than obv (11.2 AE 1.2 and 8.5 AE 0.5 mmol m À2 s À1 MPa À1 , respectively), although in this case the difference was not statistically significant.
The gas exchange characteristics differed between leaves of MT and obv plants (Fig. 5) . Light-saturated assimilation rates under glasshouse growing conditions were significantly (P = 0.010) greater in leaves of MT than obv mutant plants, averaging (AE SD) 21.3 AE 2.8 and 17.6 AE 1.4 lmol CO 2 m À2 s À1 , respectively (Fig. 5a ). Average stomatal conductance was also significantly (P = 0.027) higher in leaves of MT than obv mutant plants (Fig. 5b) , causing significantly (P = 0.011) greater rates of water loss from wild-type leaves (Fig. 5c) . Assimilation rates, however, varied proportionally with stomatal conductance (Fig. 6 ) such that the intercellular CO 2 concentration averaged 263 AE 8 lmol mol À1 with no significant (P = 0.974) difference between MT and obv leaves. Similarly, the instantaneous WUE was also similar across all leaves regardless of whether it was measured as the ratio of assimilation to evaporation rates or the ratio of assimilation rate to stomatal conductance (Table 2) .
Discussion
We generated near-isogenic lines of tomato plants with or without BSEs, a structure previously studied by comparative physiology of different plant species. We developed a simple screening procedure, taking advantage of the fact that in herbaceous species BSEs render leaf veins translucent, whereas lack of BSEs produces leaves with dark veins (Liakoura et al., 2009) . All the wild relatives of tomato and most commercial tomato cultivars show clear veins (Rick et al., 1996) . The few commercial tomatoes with dark veins harbour the obv mutation, which was previously characterized by Jones et al. (2007) . However, the authors described the phenotype produced by the obv mutation as 'the presence of chloroplasts in the subepidermal and mesophyll cell layers around the leaf veins. By contrast, leaves of the wild-type lack chloroplasts in these cells. Interestingly, this chloroplast-free zone is confined to the cells above and below the vascular bundles' (Jones et al., 2007) . Here, we reassess this description and show that the effect of the obv mutation is in fact to eliminate BSEs in tomato leaves. We showed that not only obv, but also a second, nonallelic mutation produces a similar phenotype, suggesting that a complex, multigenic developmental pathway is involved in the production of BSEs. We further showed that loss of BSEs had consequences for tomato leaf function. Absence of the denser and perhaps more lignified BSEs may account for the greater SLA of obv than MT leaves. However, leaves lacking BSEs had lower hydraulic conductance and operated with lower stomatal conductance and correspondingly lower assimilation rates than wild-type leaves. This lower level of function occurred despite similarities in vein density, diameter and number of midvein xylem vessels, stomatal density and leaf area between wild-type and mutant leaves, the implication being that the lack of BSEs hindered water dispersal within mutant leaves. These results support recent suggestions that BSEs function as extravascular pathways of water distribution within leaves (Zwieniecki et al., 2007; Buckley et al., 2011; Sommerville et al., 2012) . Gas exchange parameters have been recently described for field-grown tomatoes harbouring the obv mutation (Barrios-Masias et al., 2014) . However, the authors did not take into account the effect of obv in BSE formation and studied the mutation in combination with alleles controlling tomato growth habit, which is known to impact water relations in soybean (Tanaka & Shiraiwa, 2009) , wheat (Morgan et al., 1990) and tomato (A. Zs€ og€ on et al., unpublished).
Our results also suggest that extravascular pathways for water movements make a relatively large contribution to K leaf of tomato leaves. Consider, for example, only the data collected early in the morning before the onset of stomatal closure, when K leaf averaged 25.6 AE 3.0 and 14.0 AE 3.1 mmol m À2 s À1 MPa À1 in leaflets with (MT) or without (obv) BSEs, respectively (Fig. 4) . To evaluate the relative contribution of vascular and nonvascular systems to K leaf , Mean values AE SD (n = 6) + least significant differences (LSD) at 5% level. (Fig. 4) . All values are mean AE SEM. LSD bars indicate least significant (P < 0.05) differences between genotype means (n = 6) in the same panel. 
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New Phytologist these values are best converted to resistances because, unlike conductances, resistances in series are additive. Accordingly, the average (AE SD) leaf hydraulic resistances (R Leaf ) were 0.039 AE 0.005 and 0.074 AE 0.014 m 2 s À1 MPa mmol À1 in MT and obv leaves, respectively. These values of R Leaf comprise the total resistance to water movement imposed in series as water moves first through the vascular network of xylem conduits and then through the extravascular network of living cells. No differences were found between MT and obv leaves in attributes of the vascular system that would contribute to different resistances imposed on water movement through the xylem. As this vascular resistance appears similar in both MT and obv leaves, then the difference in total resistance between the two genotypes is due mainly to extravascular resistance. By this analysis, the lack of BSEs in the obv leaves added 0.035 m 2 s À1 MPa mmol À1 to R Leaf , nearly doubling the hydraulic resistance of the leaf. However, care must be exercised in these calculations because the rachis-to-leaflet water potential gradients during measurements were unavoidably greater in the obv than MT leaves, potentially leading to an overestimation of R Leaf in the obv leaves. Nevertheless, the data show that reduction of extravascular resistance by BSEs enhances hydraulic conductance of tomato leaves. These results are consistent with studies in other herbaceous (Nardini et al., 2005) and woody species (Sack et al., 2004) , underscoring the importance of extravascular conductance to K leaf .
The values for vein density together with the maximum gas exchange characteristics and K leaf values measured for MT leaves early in the morning are consistent with those of a previous report for tomato (Giraldo et al., 2014) . Leaf hydraulic conductance was highest early in the morning, and declined with time in association with increase in the water potential gradient between the rachis and its leaflets (Fig. 4) . However, the gradient in water potential between the rachis and its leaflets increased more rapidly in mutant plants despite lower stomatal conductance and hence also, lower evaporation rates (Fig. 5b,c) . These observations are consistent with a role for BSEs in dispersion of water from the xylem to other leaf tissues, as impedance of extravascular water distribution in the mutant leaves would lead to development of steeper gradients in water potential for a given rate of water loss. Thus, a lower K leaf due to greater extravascular resistance to water dispersal may explain the consistent operation of obv leaves with lower stomatal conductance than MT leaves under the same environmental conditions.
Wild-type MT plants had the greatest advantage in assimilation rates early in the photoperiod when mild conditions favoured maximum stomatal conductance with minimum water loss. Nevertheless, there was no evidence that this advantage translated into greater vegetative growth in the MT plants, when compared to obv plants. The reason is not clear. Subtle differences in leaf display could have moderated microclimatic conditions, thereby lessening differences in gas exchange characteristics between the two genotypes. However, given the greater prevalence of BSEs in species inhabiting environments subject to dry conditions (Kenzo et al., 2007; Sommerville et al., 2012) , the benign glasshouse conditions may have limited expression of differences in K leaf on growth of well-watered plants. More work needs to be done to understand the significance of BSEs to whole plant function under field conditions, particularly where plants may be subject to greater duration and intensity of water stress.
In conclusion, we have identified and characterized tomato mutations controlling the development of BSEs, whose absence has a considerable impact on leaf function via reduction of leaf hydraulic conductance, stomatal conductance and assimilation rates. Our results suggest that a multigenic pathway is involved in controlling BSE development. The near-isogenic lines generated here pave the way for further work characterising the genetic control of BSE formation and provide suitable material to study the physiological consequences of presence or absence of BSEs.
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